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ABSTRACT 

I n d u c t i o n  motors have l o n g  been r e c o g n i z e d  f o r  
c h e i r  s j m o l e  rugged  c o n s t r u c t i o n .  To d a t e ,  however ,  
t h e i r  a p p l i c a t i o n  t o  v a r i a b l e  speed o r  s e r v o  d r i v e s  
has been iampered by l i m i t a t i o n s  on t h e i r  c o n t r o l .  
I n d u c t i o n  mo to r  , d r i v e s  have tended to be complex and 
t o  J i s o l a y  t roub lesome low  speed c h a r a c t e r i s t i c s  due 

L - i n  par; 1 3  n o n s i n u s o i d a l  d r i v i n g  v o l t a g e s .  
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A new t e c h n i q u e  has been deve loped  wh ich  

, vo l tages  from a h i g h  f requency  power bus and i n d e -  
pendent  c o n t r o l  o f  f r e q u e n c y  and v o l t a g e s .  Separa- 
t i c n  of f r e q u e n c y  and v o l t a g e  a l l o w s  independen t  
c o n t r o l  o f  r o t o r  and s t a t o r  f l u x ,  f u l l  f o u r  quad- 
r a n t  o p e r a t i o n .  and i n s t a n t a n e o u s  t o r q u e  c o n t r o l .  

Recent t e s t  r e s u l t s ,  c u r r e n t  s t a t u s  of t h e  
t e c h n o l o g y .  and p roposed  aerospace a p p l i c a t i o n s  
r i l i  be d i s c u s s e d .  

INTRODUCTION 

Th is  paper  d i l l  d i s c u s s  p r e v i o u s  and o n g o i n g  
. work a t  NASA Lewis Research C e n t e r  i n  t h e  genera l  

a r e a  of aerospace e l e c t r o m e c h a n i c a l  a c t u a t o r s  
(EMA' s )  . 

I t  has been r e c o g n i z e d  for  some t i m e  t h a t  
e l e c t r o m e c h a n i c a l  a c t u a t o r s  have many p o t e n t i a l  
advantages o v e r  h y d r a u l i c  a c t u a t o r s .  C e r t a i n  tech -  
n i c a l  l i m i t a t i o n s .  however ,  have p r e v e n t e d  t h e i r  
a d a p t a t i o n  i n  l a r g e  ( m u l t i h o r s e p o w e r )  a p p l i c a t i o n s .  

Among t h e  g e n e r a l l y  accep ted  advantages o f  
EMA's a r e  reduced  ma in tenance ,  a d a p t a b i l i t y  t o  
b u i l t - i n - t e s t i n g  ( B I T E ) ,  improved r e l i a b i l i t y ,  and 
g r e a t l y  improved e f f i c i e n c y  ( t y p i c a l l y  1O:l or 
more)  ( F i g .  1 ) [ 1 1 .  The t i m e  i s  r i p e  for  a p p l i c a -  
t i o n  o f  E M A ' s ,  as cus tomers  a r e  r e c o g n i z i n g  t h e i r  
g r e a t  advan tage  i n  r e d u c i n g  t h e  l i f e  c y c l e  c o s t  o f  
o w n e r s h i p .  

PRESENT APPROACH TO EMA'S 

B r u s h l e s s  dc m o t o r s  

H i s t o r i c a l l y ,  ae rospace  EMA's have used 
" b r u s h l e s s  dc "  motors. These a r e  i n  r e a l i t y  perma- 
n e n t  magnet synchronous ac mo to rs  r e q u i r i n g  e l e c -  
t r o n i c  i n v e r s i o n  and c o n t r o l  c i r c u i t r y .  There have 
been s e v e r a l  t e c h n i c a l  l i m i t a t i o n s  t o  t h e  g e n e r a l  
a p p l i c a t i o n  of b r u s h l e s s  dc m o t o r s ,  wh ich  become 
ove rwhe lm ing  i n  l a r g e  ae rospace  a c t u a t o r s .  

One p r o b l e m  i n h e r e n t  i n  permanent f i e l d  e x c i -  
t a t i o n  concerns f a i l u r e  modes and t h e i r  accommoda- 
t i o n .  I n  t h e  case o f  a s h o r t e d  s t a t o r  w i n d i n g  a r  
i t s  a s s o c i a t e d  d r i v e  c i r c u i t r y ,  t h e  motor  becomes 
an u n c o n t r o l l a b l e  l o a d  upon t h e  r e s t  o f  t h e  system. 
Wh i le  i t  has been proposed to accommodate s i n g l e  
even t  f a i l u r e s  w i t h  mechanica l  d i f f e r e n t i a l s ,  
e x p l o s i v e  c l u t c h e s ,  e t c . ,  f a i l u r e  accommodation 
f o r  m u l t i p l e  f a i l u r e s  has become v e r y  d i f f i c u l t  
[ 2 1 .  The permanent  magnets a r e  g e n e r a l l y  l o c a t e d  
i n  t h e  r o t o r  t o  m i n i m i z e  rotor l o s s .  They a r e  
i n h e r e n t l y  f r a g i l e ,  however, and have a d e f i n i t e  
tempera tu re  l i m i t a t i o n  due t o  t h e  C u r i e  p o i n t  t r a n -  
s i t i o n  o f  t h e  permanent  magnets. 

b r u s h l e s s  dc motors i n  g e n e r a l ,  a n o t h e r  p r o b l e m  
has l i m i t e d  t h e i r  a p p l i c a t i o n  i n  l a r g e .  m u l t i p l e -  
horsepower,  aerospace a c t u a t o r s .  T y p i c a l l y .  t hese  
mo to rs  have been d r i v e n  from h a r d  s w i t c h e d  sources 
h a v i n g  t u r n  o f f  l o s s e s  wh ich  a r e  p r o p o r t i o n a l  t o  
f r e q u e n c y .  A d d i t i o n a l l y ,  v o l t a g e  r e g u l a t i o n  i s  
g e n e r a l l y  accomp l i shed  by p u l s e  w i d t h  (squarewave)  
m o d u l a t i o n .  Such waveforms cause i n c r e a s e d  moto r  
l o s s e s  due to  t h e i r  r i c h  harmonic  c o n t e n t  ( F i g .  2 ) .  
I n  a d d i t i o n ,  t h e  f i l t e r i n g  r e q u i r e d  w i l l  be p h y s i -  
c a l l y  l a r g e  due t o  t h e  low machine f r e q u e n c y  
i n v o l v e d .  When harmonic  c o n t e n t  and f i l t e r  
r e q u i r e m e n t s  a r e  reduced  by i n c r e a s i n g  s w i t c h i n g  
r a t e s ,  c i r c u i t  c o m p l e x i t i e s  and l o s s e s  r a p i d l y  
i n c r e a s e .  The e f f e c t  o f  t hese  l i m i t a t i o n s  i s  such 
t h a t  t h e  d r i v e  c i r c u i t r y  for l a r g e  b r u s h l e s s  dc 
motors i s  t y p i c a l l y  many t imes  t h e  s i z e  o f  t h e  
mo to r  i t s e l f .  

Wh i le  t h e s e  f i rst  two l i m i t a t i o n s  concern  

Sw i t ched  R e l u c t a n c e  Motors 

More r e c e n t l y  h i g h  s a l i e n c y ,  s w i t c h e d  r e l u c -  
t ance  mo to rs  have been advoca ted  f o r  a c t u a t o r s  
( F i g .  3). One advantage r e a l i z e d  i s  t h e  avo idance  
o f  mechan ica l  lock up under  s t a t o r  f a u l t  c o n d i -  
t i o n s .  Ano the r  o f t e n  c i t e d  advantage i s  t h a t  o n l y  
h a l f  as many e l e c t r o n i c  s w i t c h e s  a r e  r e q u i r e d .  
S i n c e  these  s w i t c h e s ,  however, must  c a r r y  t w i c e  
t h e  c u r r e n t  as t h e  mo to r  power i n c r e a s e s ,  d o u b l i n g  
s w i t c h  c u r r e n t  becomes a d e v i l ' s  b a r g a i n  when d e a l -  
i n g  w i t h  I* phenomena, such as  l eakage  r e a c t a n c e  
e n e r g y .  Low speed o p e r a t i o n  o f  s w i t c h e d  r e l u c t a n c e  
machines becomes i n c r e a s i n g l y  rough  as t h e  o p e r a t -  
i n g  speed reduces  toward  t h a t  o f  a s t e p p e r  motor. 
I n  s p i t e  o f  t h e s e  l i m i t a t i o n s ,  s w i t c h e d  r e l u c t a n c e  
machines a r e  becoming p o p u l a r  i n  l o w e r  power a p p l i -  
c a t i o n s ,  p a r t i c u l a r l y  i n  t h e  U n i t e d  Kingdom C31. 
However, t h e i r  s u i t a b i l i t y  for  h i g h  power s e r v o  
a p p l i c a t i o n s  rema ins  t o  be demons t ra ted .  
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FIGURE 3. - GEOMETRY OF HIGH SALIENCY SWITCHED RELUCTANCE 
MOTOR. 
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FIGURE 4 .  - SYNTHESIS OF A BALANCED SET OF VOLTAGES HAVING 
SINUSOIDAL. FUNDAMENTAL FREQUENCY IS 400 HZ WITH A MOD- 
ULATION INDEX OF 0.9, 

5 



Natlonal Aeronautics and 
Space Admlnistratlon 

1. Report No. 

NASA TM- 10206 1 

Report Documentation Page 
2. Government Accession No. 

9. Security Classif. (of this report) 20. Security Classif. (of this page) 

Unclassified Unclassified 

7. Author@) 

Irving G. Hansen 

21. No of pages 22. Price' 

8 A02 

9. Performing Organization Name and Address 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135-3191 

12. Sponsorilig Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D.C. 20546-0001 

3. Recipient's Catalog No. 

5. Report Date 

6. Performing Organization Code 

8. Performing Organization Report No. 

E-48 18 

10. Work Unit No. 

946-02-20 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Memorandum 

14. Sponsoring Agency Code 

15. Supplementary Notes 

Prepared for the 24th Intersociety Energy Conversion Engineering Conference cosponsored by the IEEE, AIAA, 
ANS, ASME, SAE, ACS, and AIChE, Washington, D.C., August 6-1 1, 1989. 

f6. Abstract 

Induction motors have long been recognized for their simple rugged construction. To date, however, their applica- 
tion to variable speed or servo drives has been hampered by limitations on their control. Induction motor drives 
have tended to be complex and to display troublesome low speed characteristics due in part to nonsinusoidal 
driving voltages. A new technique has been developed which involves direct synthesis of sinusoidal driving 
voltages from a high frequency power bus and independent control of frequency and voltages. Separation of 
frequency and voltage allows independent control of rotor and stator flux, full four quadrant operation, and 
instantaneous torque control. Recent test results, current status of the technology, and proposed aerospace 
applications will be discussed. 

7. Key Words (Suggested by Author@)) 

Motor control 
Electromagnetic actuator 
Aerospace power 

18. Distribution Statement 

Unclassified -Unlimited 
Subject Category 20 

'For sale by the National Technical Information Service, Springfield, Virginia 221 61 NASA FORM 1616 OCT 88 


